Compared with wild type, the dgd1 mutant of Arabidopsis thaliana exhibited a lower amount of PSI-related Chl-protein complexes and lower abundance of the PSI-associated polypeptides, PsaA, PsaB, PsaC, PsaL and PsaH, with no changes in the levels of Lhca1-4. Functionally, the dgd1 mutant exhibited a significantly lower lightdependent, steady-state oxidation level of P700 (P700 þ ) in vivo, a higher intersystem electron pool size, restricted linear electron transport and a higher rate of reduction of P700 þ in the dark, indicating an increased capacity for PSI cyclic electron transfer compared with the wild type. Concomitantly, the dgd1 mutant exhibited a higher sensitivity to and incomplete recovery of photoinhibition of PSI. Furthermore, dgd1 exhibited a lower capacity to undergo state transitions compared with the wild type, which was associated with a higher reduction state of the plastoquinone (PQ) pool. We conclude that digalactosyl-diacylglycerol (DGDG) deficiency results in PSI acceptor-side limitations that alter the flux of electrons through the photosynthetic electron chain and impair the regulation of distribution of excitation energy between the photosystems. These results are discussed in terms of thylakoid membrane domain reorganization in response to DGDG deficiency in A. thaliana. þ , oxidized form of the reaction center of PSI; PQ, plastoquinone; Q A , primary electron-accepting quinone in PSII; Q B , secondary electronaccepting quinone in PSII; q N , non-photochemical quenching.
Introduction
It has been well established that membrane lipid composition is one of the important factors controlling the structure and function of thylakoid membranes via specific lipid-protein interactions and/or the dynamic properties of the lipid bilayer (Quinn and Williams 1983) . The adaptation of photosynthetic membranes of a wide range of photoautotrophs (from cyanobacteria to higher plants) to various environmental conditions has been proposed to be accompanied, and in some cases sensed and even triggered by, changes in the bulk lipid composition and unsaturation of the thylakoid membrane lipids (Wada et al. 1990, Los and Murata 2002) . The unique lipid composition of thylakoid membranes is dominated by two galactolipids, monogalactosyl-diacylglycerol (MGDG) and digalactosyl-diacylglycerol (DGDG), comprising approximately 50 and 20% of the total thylakoid acyl lipid content, respectively. The remaining lipid content is distributed between the negatively charged phosphatidylglycerol (PG), a sulfolipid sulfoquinovosyldiacylglycerol (SQDG) and some minor phospholipids (Quinn and Williams 1983, Webb and Green 1991) .
Since the isolation and characterization of the dgd1 mutant of Arabidopsis thaliana, lacking 96% of the wildtype level of DGDG (Do¨rman et al. 1995) , the structure/ functional role of DGDG in thylakoid membranes has been extensively studied. A linear relationship between PSII function and DGDG content of thylakoid membranes has been established (Ha¨rtel et al. 2001) , the underlying structural/functional mechanisms of which have been extensively studied (Do¨rman et al. 1995 , Ha¨rtel et al. 1997 , Reifarth et al. 1997 , Ha¨rtel et al. 1998 , Steffen et al. 2005 . Indeed, previous in vitro studies have demonstrated that removal of DGDG inhibits O 2 evolution in the *Corresponding author: E-mail, nhuner@uwo.ca; Fax, þ1-519-661-3935.
PSII-enriched samples and this effect is reversible by addition of DGDG (Gounaris et al. 1983 , Fragata et al. 1994 ). More direct evidence was later revealed by Fourier transform infrared (FT-IR) measurements demonstrating significant DGDG-induced shifts in the intensities and positions of tyrosine bands of PSII particles (Gabashvili et al. 1998) . A lipid-protein interaction study has demonstrated that DGDG is specifically associated with the light-harvesting complex II (LHCII) and is essential for formation of 3D crystals and large 2D crystals of LHCII (Nussberger et al. 1993) . Very recently, the crystal structure of LHCII at 2.72 Å resolution revealed that the interaction between two adjacent LHCII trimers is mediated by two DGDG molecules, and the functional implication of DGDG-mediated trimerization of LHCII in nonphotochemical quenching has been suggested (Liu et al. 2004) .
Despite the recent evidence revealing the importance of DGDG in the structure and function of PSII, very limited information is available regarding its role in PSI structure/ composition and photochemistry. The observed lower Chl fluorescence emission of PSI and the blue shift of the PSIrelated peak in the dgd1 mutant (Ha¨rtel et al. 1997 ) suggest some structural alterations of PSI in this DGDG-lacking mutant. In vitro analyses by Guo et al. (2005) demonstrated a reduced amount and reduced stability of PSI complexes and the presence of a new subcomplex in isolated thylakoid membranes of the dgd1 mutant. However, no functional measurements were made in this study to assess the relevance of these in vitro data on the function of PSI and the overall performance of the intersystem photosynthetic electron transport in the dgd1 mutant in vivo. In the present study, we combine in vivo functional analyses of PSII, PSI, state transitions and intersystem photosynthetic electron transport with in vitro structural analyses of the dgd1 mutant and demonstrate that the structural and functional instability induced by DGDG deficiency results in a decreased capacity for intersystem photosynthetic electron transport as well as the regulation of energy distribution between PSII and PSI in A. thaliana.
Results
As previously reported (Do¨rmann et al. 1995 , Ha¨rtel et al. 2001 , lipid analysis of the dgd1 mutant demonstrated the expected reduction in DGDG content (1.0 AE 0.1 mol%) to 6% of the amount found in wild-type A. thaliana (16.8 AE 0.4 mol%) under the growth conditions employed in this study. This shifted the ratio of MGDG/DGDG from 2.6 in wild type to 39.7 in the dgd1 mutant. The overall polar lipid composition of the wild type and the dgd1 mutant (data not shown) was similar to that published earlier (Ha¨rtel et al. 2001) . Total leaf Chl content (mg g À1 FW) differed between dgd1 and the wild type by about 10%, while the Chl a/b ratio of the wild type (2.43 AE 0.03) was 20% higher than that of the mutant (2.05 AE 0.02). The membrane lipid : protein ratio was similar between the wild type (0.28 AE 0.03) and dgd1 (0.33 AE 0.06). In agreement with earlier observations (Ha¨rtel et al. 1997) , 77 K fluorescence measurements of the dgd1 mutant exhibited drastically reduced PSI emission compared with the wild type (Fig. 1A) .
The composition and the relative abundance of the photosystems within the thylakoid membranes of dgd1 and wild-type A. thaliana were compared by combining non-denaturating SDS-PAGE to separate the major Chl-protein complexes of the thylakoid membranes and immunodetection of the various subunits of these pigmentprotein complexes to quantify their relative abundance. Non-denaturating SDS-PAGE of thylakoid membranes from the wild type (Fig. 1B ) and the dgd1 mutant (Fig. 1C ) yielded six distinct bands. As described in detail elsewhere (Krol et al. 1997 , Dobrikova et al. 2000 , each band was identified by its characteristic Chl absorption spectrum and its electrophoretic mobility. The corresponding Chl-protein complexes associated with PSI included LHCI, the major Chl a/b protein complex of PSI, CP1 and the major Chl a core protein complex of PSI containing the reaction center P700. The corresponding Chl-protein complexes associated with PSII included LHCII 1 , LHCII 2 and LHCII 3 , the oligomeric, dimeric and monomeric forms, respectively, of the major Chl a/b LHC of PSII, and CPa, the Chl a protein complex containing P680 and its associated core antennae. There was minimal (510%) free pigment present in both the wild type and the dgd1 mutant, indicating that the Chl-protein complexes were stable under our conditions for separation.
Typical profiles of the Chl-protein complexes (Fig. 1B,  C ) and the densitometric scans of the gels (Fig. 1D , E) revealed considerable differences between the wild type and the dgd1 mutant. The relative abundance of LHCI and CP1 bands was 62 and 50% lower, respectively, in the dgd1 mutant than in the wild type, whereas the relative abundance of PSII-associated complexes exhibited minimal differences (Fig. 1) . These data are consistent with the 77 K fluorescence data and confirm an alteration in the stoichiometry of PSI and PSII Chl-protein complexes in the dgd1 mutant relative to the wild type.
The reaction center polypeptides of PSI (PsaA and PsaB) were significantly reduced in dgd1 compared with wild type thylakoids ( Fig. 2A) , and the densitometric analysis demonstrated that the abundance of PsaB in the dgd1 mutant was only about 50% (51.2 AE 2.7%, n ¼ 3) of that observed in the wild type. The effects of DGDG deficiency were not restricted to PSI reaction center polypeptides, but the abundance of PsaC, PsaL and PsaH was also reduced ( Fig. 2A) , the PsaH polypeptide being most affected (37.91 AE 2.05%, n ¼ 3). All Lhca polypeptides tested (Lhca1-4) exhibited minimal differences in relative abundance in the dgd1 mutant compared with the wild-type ( Fig. 2A) . In contrast, the relative abundance of the reaction center protein of PSII, PsbA (D1), and the lightharvesting proteins associated with PSII (Lhcb1, Lhcb2, Lhcb3 and Lhcb5) were not changed in the dgd1 mutant (Fig. 2B) . The phosphorylation patterns of the D1 protein and Lhcb1 were also similar in the wild type and the dgd1 mutant (Fig. 2B) . Thus, the 77 K fluorescence emission spectra, the quantification of the Chl-protein complexes and their constituent polypeptides indicate that a deficiency in DGDG has a greater effect on the structure of PSI than PSII.
The extent of far-red light-induced absorbance decrease at 820 nm (ÁA 820 ) of wild-type and dgd1 mutant Arabidopsis leaves developed under the same conditions was used to estimate PSI function in vivo (Klughammer and Schreiber 1991, Ivanov et al. 1998) . The extent of P700 photooxidation (P700 þ ) was measured in vivo from far-red light-induced P700 transients as ÁA 820 /A 820 (Table 1) , and typical traces are illustrated in Fig. 3 . The apparent electron representing the composition of major Chl-protein complexes in thylakoid membranes isolated from the wild-type (B, D) and the dgd1 mutant (C, E), respectively. All gels were loaded on an equal Chl basis of 6 mg per lane and the gels were scanned at 671 nm. Chl content was expressed as relative peak area as a function of the total scan area. LHCI-CP1, supercomplex of the light-harvesting Chl-protein complex of PSI (LHCI) and the major Chl a protein complex of PSI containing the reaction center P700 (CP1); CP1, major Chl a protein complex of PSI containing the reaction center P700; LHCII 1 , LHCII 2 and LHCII 3 , the oligomeric, dimeric and monomeric forms, respectively, of the major Chl a/b lightharvesting protein complex associated with PSII; CPa, the Chl a protein complex containing P680 and the associated core antennae of PSII; FP, free pigments. donor pool size to PSI was assessed by measuring single-and multiple-turnover flash-induced ÁA 820 under steady-state oxidation of PSI by far-red light (Asada et al. 1993) . The relative amount of P700 þ , measured as ÁA 820 /A 820 , in dgd1 was only 58% ( Fig. 3D ; Table 1) of that detected in wildtype Arabidopsis (Fig. 3A , Table 1 ). Concomitantly, a 2.9-fold higher electron pool size was found in control dgd1 plants compared with control wild type (Table 1 ). In addition, kinetic measurements of dark re-reduction of P700 þ after turning off the far-red light, which is thought to reflect the extent of cyclic electron flow around PSI (Maxwell and Biggins 1976) , indicated significantly accelerated re-reduction of P700 þ in the dgd1 mutant compared with the wild type. Thus, the differences in the extent of P700 oxidation between dgd1 and the wild type are consistent with the differences in the levels of the PSIassociated Chl-protein complexes as well as the differences in the amount of immundetectable PsaA and PsaB.
The contribution of intersystem electron transport from PSII to the redox state of P700 was estimated by measuring the extent of steady-state P700 photooxidation induced by white actinic light (AL) in the absence or Digalactosyl-diacylglycerol and photosystem Ipresence of DCMU (Fig. 4) . Under white AL excitation in the absence of DCMU, electrons derived from PSII continuously reduced P700 þ , resulting in a relatively low steady-state content of P700 þ in both wild-type and dgd1 leaves (Fig 4A, C) . Preventing the electron donation from PSII in the presence of the PSII inhibitor DCMU caused a 3.6-fold increase of the steady-state P700 þ (Fig. 4B ) in wild-type plants, suggesting that electrons available for P700 þ reduction originated predominantly from PSII and were delivered to P700 via intersystem electron transport. However, the dgd1 mutant exhibited a 2-fold lower increase of P700 þ in the presence of DCMU compared with the wild type (Fig. 4D) . This indicates that a significant fraction of electrons available for P700 þ reduction must have been derived from sources other than PSII and that the contribution of PSII as an electron donor to PSI was limited in the dgd1 mutant compared with wild-type Arabidopsis.
State transitions represent a mechanism for short-term regulation of the energy distribution between PSII and PSI (Allen et al. 1981 , Lunde et al. 2000 . State transitions were also measured in vivo following the differential changes in room temperature Chl fluorescence from PSII by alternatively changing the AL from light preferentially exciting PSII (blue) to light exciting PSI (far red) (Lunde et al. 2000) . Wild-type Arabidopsis plants respond as expected to the presence and absence of PSI light (Fig. 5A ), resulting in a relative capacity for state transitions (F r ) of 0.695 AE 0.035 (n ¼ 6). In contrast, the dgd1 plants (Fig. 5B ) exhibited a 50% lower capacity (F r ¼ 0.350 AE 0.061; n ¼ 7) for state transitions in comparison with the wild type.
In addition to the lower capacity for state transitions, the Chl fluorescence induction curve for the dgd1 mutant ( Fig. 5B ) was significantly different from that of the wild type (Fig. 5A ). First, a higher level of prompt fluorescence (F o ) resulted in a lower maximal photochemical efficiency in the dgd1 mutant (F v /F m ¼ 0.61 AE 0.02) than in the wild-type (F v /F m ¼ 0.79 AE 0.01). Secondly, exposure of the wild-type to PSII actinic light induced the expected initial, sharp rise in Chl fluorescence which was quenched to a level above F o , followed by a smaller transient after 6 min which slowly quenched to a steady-state level after about 20 min (Fig. 5A ). In contrast, the initial sharp rise in Chl fluorescence induced by PSII light in the dgd1 mutant was quenched to a level that was below F o , followed by a slow rise to a steady-state level after about 20 min. This may be indicative of a plastoquinone (PQ) pool that is more reduced in the dgd1 mutant than the wild-type.
The apparent rise in the F o 0 level after a light to dark transition has been used as a measure of dark reduction of the PQ pool by stromal reductants (Mano et al. 1995 , Farineau 1999 . A minor post-illumination transient increase of the F o 0 level over a period of 40 s was observed in wild-type Arabidopsis leaves under ambient atmospheric conditions after pre-illuminating the leaves with 80 or 150 mmol quanta m À2 s À1 of white AL (Fig. 6A, C) . This indicates that in wild-type leaves, either there is a negligible dark reduction of the PQ pool from the stromal electron pool or oxygen at the ambient concentration (21.0%) can serve as an efficient electron acceptor, thus preventing an over-reduction of the intersystem electron transport chain by stromal electron flow.
In contrast, dgd1 leaves exhibited a rapid and substantial rise of the F o 0 level over a period of 25 s followed by a gradual decrease after the white AL of 80 mmol quanta m À2 s
À1
was turned off (Fig. 6B ). Pre-illumination of dgd1 leaves with higher actinic white light (150 mmol quanta m À2 s À1 ) resulted in an even higher initial rise of F o 0 and increased gradually during the entire measuring time range, reaching values close to F s (Fig. 6D) . This indicates that the dgd1 mutant has a lower capacity to keep the PQ pool oxidized even in the dark than does the wild type. The maximal quantum efficiency of PSII measured as F v /F m in wild-type and dgd1 mutant leaves and the effects of exposure to high white light (1,000 mmol photons m À2 s À1 ) at 58C on PSII photochemistry were estimated from modulated Chl fluorescence and fluorescence image analysis (Fig. 7) . As observed in Fig. 5B , the dgd1 mutant exhibited a higher initial F o in the darkadapted state (Fig. 7D ) as well as a greater quenching of steady-state fluorescence upon exposure to white AL than the WT (Fig. 7A ). This resulted in 23% lower F v /F m (Fig. 7D ) and 47% lower quantum yields of PSII electron transport (Fig. 8B) in the dgd1 mutant compared with control wild-type plants (Figs. 7A, 8A ) and confirmed previous observations (Ha¨rtel et al. 1997 ). The estimated non-photochemical quenching (q N ¼ 0.56 AE 0.02, n ¼ 10) and the fraction of reduced primary electron acceptor Q A (1 À q L ¼ 0.43 AE 0.01, n ¼ 9), measured at the growth light (75 mmol photons m À2 s
), were higher in the dgd1 mutant compared with the corresponding values of q N (0.24 AE 0.02, n ¼ 10) and 1 À q L (0.33 AE 0.01, n ¼ 9) in wild-type leaves under the same conditions.
As expected, exposure to high light caused a decrease of F v /F m (Fig. 7B, E ) and the yield of PSII electron transport (Fig. 8A, B) in both wild-type and dgd1 mutant leaves. However, leaves of wild-type Arabidopsis were less susceptible to the photoinhibitory treatment, exhibiting a 36% decrease in F v /F m (0.51 AE 0.02, n ¼ 15), in contrast to a 69% decrease in F v /F m (0.19 AE 0.02, n ¼ 15) in the dgd1 mutant. Furthermore, the recovery of F v /F m (0.73 AE 0.02, n ¼ 15) (Fig. 7C ) and the yield of PSII electron transport (Fig. 8A ) from photoinhibition were almost complete after 4 h in wild-type Arabidopsis. In contrast, F v /F m (0.44 AE 0.02, n ¼ 15) (Fig. 7F ) and PSII electron transport (Fig. 8B ) recovered only to about 70% in the dgd1 mutant after 4 h.
Along with the lower amount of oxidizable P700 (P700 þ ) and higher sensitivity of PSII to photoinhibition, Digalactosyl-diacylglycerol and photosystem Iexposure of intact dgd1 leaves to high light at 58C caused greater loss of PSI photooxidation measured by ÁA 820 /A 820 than in wild-type leaves ( Fig. 3B, E ; Table 1 ). The dgd1 mutant exhibited a 67% decrease of the steady-state amount of P700 þ compared with a 54% decrease in wildtype Arabidopsis under the same photoinhibitory conditions. This was accompanied by an incomplete recovery (80%) of P700 photooxidation in dgd1 plants after high light treatment ( Fig. 3F; Table 1 ), as distinct from wild type, which was able to recover fully within of 4 h (Fig 3C;  Table 1 ).
Discussion
Previous studies on the dgd1 mutant revealed a significant role for DGDG in the maintenance of thylakoid ultrastructure (Do¨rmann et al. 1995) and in the function of PSII (Ha¨rtel et al. 1997 , Reifarth et al. 1997 , Ha¨rtel et al. 1998 , Ha¨rtel et al. 2001 , Steffen et al. 2005 , but failed to demonstrate any significant changes in the composition and functional activity of PSI. More recently, lower abundance of PSI polypeptides and decreased in vitro stability of the PSI complex were reported in the dgd1 mutant (Guo et al. 2005) , but no in vivo functional analyses of either PSI or intersystem electron transport were provided. Our results confirm the critical role of DGDG in maintaining the structural organization of PSI and PSII (Figs. 1, 2) . However, we show for the first time that DGDG deficiency restricts intersystem electron transport (Fig. 4) which is associated with an increased capacity for cyclic electron flow around PSI (Table 1) , and an increased susceptibility of PSI (Fig. 3, Table 1 ) to high light stress in vivo.
The restriction in intersystem electron transport induced by DGDG deficiency also inhibited the capacity for state transitions (Fig. 5) , indicating a severe impairment in the regulation of excitation energy distribution between the photosystems. This could not be due to a lower proportion of reduced PQ, one of the major prerequisites for effective state transitions (Allen et al. 1981) , because our data show that, in fact, the intersystem electron transport chain is more reduced in the dgd1 mutant than in the wild type (Table 1, Fig. 6 ). This suggests that the specific LHCII kinase controlling the phosphorylation of LHCII should be active (Allen et al. 1981) . Indeed, the phosphorylation state of LHCII, which is involved in regulation of state transitions, was comparable in both wild-type and dgd1 plants under steady-state growth conditions (Fig. 2B) . The observed lower abundance (50%) of the PSI reaction center polypeptides, PsaA and PsaB, may, in part, explain the restricted capacity for intersystem electron transport and the increased reduction state of the PQ pool. In addition, the PsaH and PsaL subunits of PSI are essential for state transitions (Lunde et al. 2000) . Since the content of both subunits was reduced by about 60%, we suggest that the decrease in the abundance of these PSI subunits may account for the inhibition of state transitions in the dgd1 mutant. A similar reduction in the capacity for state transitions was also observed in the PsaD mutant of Arabidopsis (Ihnatowicz et al. 2004) , suggesting that limitations at the ferredoxin docking site of PSI (Se´tif et al. 2002) or the acceptor side of PSI in general might be involved in controlling the energy distribution between PSII and PSI.
The higher sensitivity of dgd1 plants to photoinhibition of PSII (Figs. 7, 8) , as well as of PSI (Fig. 3, Table 1 ), and the lower capacity for P700 oxidation (P700 þ ) can be explained by either limitations at the acceptor side of PSI (Kim et al. 2005) or lower abundance of specific components of PSI (Haldrup et al. 2003) . Furthermore, PSI cyclic electron transport is accelerated when PSI is exposed to acceptor-side limitation (Martin et al. 1997 , Rajagopal et al. 2003 or under conditions of elevated excitation pressure to the photosystems occurring as a result of high light treatment (Sonoike 1996 , Ivanov et al. 1998 . Indeed, dgd1 plants exhibit higher excitation pressure measured as 1 À q L , and 2-fold lower t 1/2 for the dark reduction of P700 þ (Table 1) , which is consistent with the thesis that PSI in dgd1 is acceptor-side limited under the growth light conditions used. This is supported by the higher prompt (F o ) fluorescence (Figs. 5, 7) , as well as the transient rise in F o 0 fluorescence in the dark (Fig. 6) , suggesting that the PQ pool in the dgd1 mutant exhibits a higher reduction state than the wild type under comparable conditions due to PSI limitations. This might indicate that dgd1 plants experience chronic photoinhibition of both PSI and PSII, thus explaining the lower photochemical efficiency of PSII measured as F v /F m (Fig. 7) and the lower photooxidation of P700 (Table 1) even at the growth light intensities. Thus, we show for the first time that the decreased abundance of PSI induced by a deficiency in DGDG alters the flux of electrons through the photosynthetic intersystem electron transport chain due to limitations at the level of PSI.
Following the generally accepted model for the architecture of photosynthetic membranes for spatial segregation of PSI and PSII between granal and stromal thylakoids (Anderson and Andersson 1982) , recent precise quantification of PSI and PSII in higher plant chloroplasts demonstrated that the highest amount of PSI (36%) is located within the grana margins, followed by equal amounts (32%) located in end grana membranes and stroma lamellae (Albertsson 1995 , Albertsson 2001 .
Interestingly, it appears that the largest proportion of PSI is preferably situated in the grana margins which were estimated to contribute only about 18% of the entire thylakoid surface area (Murphy 1982) . The grana margins are characterized by a high degree of curvature of the bilayer, which is further differentiated into an inner-facing 'concave' surface and outer-facing 'convex' surface (Murphy 1982) . It has been hypothesized that packing and thermodynamic constraints would favor the presence of cone-shaped MGDG (Webb and Green 1991) on the concave (inner monolayer) and cylindrically shaped lipids (DGDG, SQDG, PG and PC) on the convex (outer monolayer) surface (Murphy 1982) .
Since a molar outside/inside percentage distribution of 65 AE 3/35 AE 3 for MGDG and 15 AE 2/85 AE 2 for DGDG has been determined for various higher plant species (Siegenthaler 1998) , it is reasonable to suggest that a deficiency in DGDG and an unusually high MDGD/ DGDG ratio in the dgd1 mutant will primarily affect the bilayer structure of grana margins, creating lipid structures such as inverted micellar intermediates and/or inverse cubic/ hexagonal phases (Garab et al. 2000) unfavorable for insertion or assembly of the PSI complex in this thylakoid region. In support of this thesis, the ratio of non-bilayer-to bilayer-forming lipids of 4.5 in the dgd1 mutant (Do¨rmann et al. 1995 , this study) exceeds the critical ratio of 2.5, above which transition to non-bilayer structures is observed (Sprague and Staehelin 1984) . This will result in PSIdeficient grana margins in the dgd1 mutant compared with the wild type. The equal loss of all PSI subunits tested ( Fig. 3) (Guo et al. 2005 ) supports this suggestion. Thus, we suggest that the DGDG deficiency imposes substantial changes in thylakoid membrane domain organization (Albertsson 1995 , Albertsson 2001 . It has been demonstrated that similarly to PSII, PSI is also heterogeneous and the PSIa located in the grana margins has 30-40% larger antenna than PSIb present in the stroma lamellae (Andreasson et al. 1988 ). In addition, specialized functions have been assigned to PSIa in linear electron transport and state transitions, whereas the PSIb in the stromal lamellae appears to be involved in PSI cyclic electron transport (Albertsson 1995 , Albertsson 2001 , Joliot et al. 2004 Johnson 2005) .
We suggest that within the framework of this model, the differential decrease of PSI abundance in grana margins (PSIa) relative to PSII in the dgd1 mutant restricts intersystem electron transport. This would effectively increase the intersystem electron pool size, causing overreduction of the PQ pool and down-regulation of PSII. In addition, the lower abundance of PsaA, PsaB, PsaL and PsaH would restrict the capacity for state transitions and lower the ability for re-distribution of the excitation energy. The remaining PSIb localized within the stromal thylakoids can account for the increased capacity for PSI cyclic electron transport in the dgd1 mutant as demonstrated in the present study. Thus, we suggest that DGDG deficiency results in thylakoid domain reorganization which is reflected in major alterations in the structure of PSI. This reorganization results in a limited capacity for intersystem electron transport and an impaired regulation of energy distribution through state transitions.
Materials and Methods

Plant material
The wild type A. thaliana ecotype Col-2 and the dgd1 mutant lacking 96% of the wild-type level of DGDG (Do¨rman et al. 1995) were grown at 23/188C (day/night), 75 mmol quanta m À2 s
À1
, 75% humidity and a short day day/night cycle of 8/16 h. Plants were watered with a high P complete nutrient solution (Blomstra, Cederroth, Sweden) as required.
For lipid analysis, 0.2 g of fresh leaves were heated for 10 min at 808C in isopropanol and stored at À208C. The isopropanol was evaporated under a stream of nitrogen before the remaining material was homogenized in methanol : 0.73% NaCl, 4 : 1 (v/v), and the lipids were extracted according to Bligh and Dyer (1959) . The individual lipids were isolated by two-dimensional thin-layer chromatography (TLC) and quantified from their acyl group composition as previously described (Selstam and Ö quist 1985) , except that the trans-esterification of the fatty acids was performed at 808C in 5% H 2 SO 4 in dry methanol for 2 h.
Low temperature (77 K) chlorophyll fluorescence
Fluorescence measurements of isolated thylakoids were performed using a fiberoptic-based liquid nitrogen device attached to a Jobin Yvon FluoroMax-2 Õ spectrofluorimeter (ISA Õ Jobin Yvon-Spex Instruments S.A., Longjumean, France). Samples were dark adapted at room temperature for 30 min before the measurements. Corrected fluorescence spectra were recorded from 650 to 750 nm. Chl fluorescence was excited at 436 nm. Exciting and measuring slits were 4 nm in width. The Chl concentration in the probe was 5-10 mgm l
À1
. All fluorescence spectra were corrected by subtracting the medium blank and were normalized to the PSII peak centered at 695 nm.
Immunoblotting
Thylakoid membranes for SDS-PAGE were isolated as described earlier (Krol et al. 1999) . Samples containing equal amounts of protein were separated on a 15% (w/v) linear polyacrylamide gel and electrophoretically transferred to a nitrocellulose membrane (0.2 mm pore size, Bio-Rad) at 58C for 2 h at 25 mA. Immunoblot analysis was performed as in Krol et al. (1999) and the thylakoid proteins were detected with specific antibodies at the following dilutions. PSII-related proteins: PsbA (D1), 1 : 5,000; Lhcb1, 1 : 2,000; Lhcb2, 1 : 2,000, Lhcb3, 1 : 2,000; Lhcb5, 1 : 2,000. PSI-related proteins: PsaA, 1 : 2,000; PsaB, 1 : 1,500; PsaC, 1 : 2,500; PsaH, 1 : 3,500; PsaL, 1 : 1,500; Lhca1, 1 : 5,000; Lhca2, 1 : 5,000; Lhca3, 1 : 5,000; Lhca4, 1 : 5,000. Polyclonal phosphothreonin (Ph-Thr) antibody (Zymed Laboratories Inc., San Francisco, CA, USA) was used to immunodetect thylakoid phosphoproteins. After incubation with anti-rabbit horseradish peroxidase-conjugated secondary antisera (Sigma-Aldrich Co., St. Louis, MO, USA, 1 : 20,000 dilution), the antibody complexes were visualized by incubation of the blots in ECL TM chemiluminescent detection reagents (Amersham, Buckinghamshire, UK) and developed on Cronex 4 X-ray film (Eastman Kodak Co., Rochester, NY, USA). Immunoblots were performed on samples from at least three independent replicate experiments. Density scanning of the immunoblots was performed with a Hewlett-Packard Scan Jet 4200C Desktop scanner and Scion Imageß densitometry software (Scion Corporation 1998, Frederick, MD, USA).
Non-denaturating SDS-PAGE
Thylakoid membranes for non-denaturating SDS-PAGE were prepared as described earlier (Krol et al. 1997 ) and the separation of Chl-protein complexes was performed as in Komenda (2000) with some modifications. Thylakoid samples were resuspended in 0.1% (w/v) SDS, 0.45% (w/v) dodecylmaltoside and 0.3 M Tris-HCl (pH 7.5) solubilization buffer containing 13% (v/v) glycerol. Electrophoresis was performed on an 8% (w/v) polyacrylamide resolving gel containing 150 mM Tris-HCl (pH 8.8) buffer and a 4% (w/v) stacking gel containing 50 mM Tris-HCl (pH 6.8) buffer. Running buffer contained 0.2% (v/v) Deriphat 160. Samples were loaded with an equal amount of Chl. The excised lanes were scanned at 671 nm on a Beckman DU 640 spectrophotometer (Beckman Instruments, Inc., Fullerton, CA, USA) for Chl absorbance, and the relative content of each band was determined by the peak area normalized to the total area of the scan.
Modulated chlorophyll fluorescence
Dark-acclimated (30 min) wild-type and dgd1 leaves were measured at growth temperature in air with a PAM 101 chlorophyll fluorescence measuring system (Heinz Walz GmbH, Effeltrich, Germany) as described in Ivanov et al. (1998) . Alternatively, a modulated imaging fluorometer (IMAGING-PAM, Heinz Walz GmbH, Efeltrich, Germany) was used for capturing the Chl fluorescence images and estimation of the maximal photochemical efficiency of PSII (F v /F m ), quantum yield of PSII photochemistry (È PSII ) and non-photochemical (q N ) fluorescence quenching parameters using the nomenclature of van Kooten and Snel (1990) . Fluorescence images were captured by a CCD camera (IMAG-K, Allied Vision Technologies) featuring a 640 Â 480 pixel CCD chip size and CCTV camera lens (Cosmicar/Pentax F1.2, f ¼ 12 mm). A light-emitting diode (LED) ring array (IMAG-L) consisting of 96 blue LEDs (470 nm) provided a standard modulated excitation intensity of 0.5 mmol quanta m À2 s À1 (modulation frequency 1-8 Hz) for measuring the basal (F o ) Chl fluorescence, and a saturation pulse of 2,400 mmol quanta m À2 s À1 PAR for measuring the maximal Chl fluorescence (F m ). The fraction of reduced primary electron acceptor Q A was estimated as 1 À q L as recommended in Kramer et al. (2004) .
The reduction state of the PQ pool was assessed following the post-illumination transient increase of Chl fluorescence at the F o 0 level (Asada et al. 1993 , Mano et al. 1995 .
State 1 and state 2 transitions in wild type and the dgd1 mutant of Arabidopsis were estimated at the growth temperature of 238C as described by Lunde et al. (2000) , using the PAM-101 Chl fluorescence measuring system equipped with a blue light source consisting of a lamp with a Corning 4-96 filter and a far-red light provided by an FL-101 light source ( max ¼ 715 nm, 10 W m 
Digalactosyl-diacylglycerol and photosystem I
P700 measurements
The redox state of P700 was determined in vivo under ambient O 2 and CO 2 conditions using a PAM-101 modulated fluorometer equipped with a dual-wavelength emitter-detector ED-P700DW unit and PAM-102 units (Klughammer and Schreiber 1991) as described in detail by Ivanov et al. (1998) . Far-red light ( max ¼ 715 nm, 10 W m
À2
, Schott filter RG 715) was provided by an FL-101 light source. The redox state of P700 was evaluated as the absorbance change around 820 nm (ÁA 820-860 ) in a custom-designed cuvette. The transient reduction of P700 þ signal after application of single-and multiple-turnover flashes of white saturating light was used for estimation of the intersystem electron (e À ) pool size (Asada et al. 1993 , Ivanov et al. 1998 ).
